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Abstract

:

Poly(vinylidene fluoride) (PVDF) membranes were fabricated using two different methods: the electro-spinning technique and the phase inversion process. The effect of a DMF/acetone solvent composition on the quality of the electrospun fibers of the PVDF membrane was investigated. The prepared PVDF membranes have been characterized by scanning electron microscope (SEM), X-ray diffraction (XRD) and contact angle. Uniform fibrous membranes with fiber diameters ranging mainly from 6 μm to 1.5 μm were formed from 16% (w/w) PVDF solutions in 50/50 (w/w) DMF/acetone at 30 kV voltage and 0.3 mL/h flow rate. The effect of surface morphology and hydrophilicity on anti-fouling potential was also studied and compared with flat-sheet membranes. It was found that the spun fibrous membranes exhibited the best hydrophilicity and antifouling properties with an average pure water permeability up to 400 L/m2/h, higher than that of the flat-sheet membranes, which exhibited 200 L/m2/h. Performance evaluation of the prepared PVDF membranes (water flux and organic matter retention) has been done through the use of a dead-end apparatus, where the results demonstrated the efficiency of electrospun membrane over the conventionally prepared flat-sheet membrane for utilization as a pretreatment stage of ultrafiltration and microfiltration (MF/UF), before reverse osmosis (RO) in the desalination plant.
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1. Introduction


Electrospinning has gained increasing interest as an application process that generates sub-micron to nano-scale fibers through an electrically charged jet of polymer solution [1,2,3]. Nowadays, many polymers have been successfully electrospun and significant research has been carried out to gain an in-depth understanding of the process for better control of fiber formation [4,5,6,7]. With the increased academic research, potential applications of electrospun fibers have also been identified, such as high-performance air filters [7], protective textiles [8,9], advanced composites [3], and, more recently, membranes in affinity separation [1,10,11,12].



Furthermore, new applications for membranes were considered in environmental protection and wastewater treatment utilizing electrospun polymeric membranes [13]. Generally, nanofibers acquire extremely high porosity, high surface area-to-volume ratio, high mechanical strength, and flexibility compared to conventional flat-sheet membranes [14,15]. However, the main challenge is its sophisticated process, which depends on several parameters, each of which significantly impacts the final product [5,16,17,18].



Because of its excellent properties, low cost, and chemical and thermal resistance, PVDF has become the most widely used polymer for membrane technology. Because of its good conductivity and piezoelectricity, it is now the most popular polymer for electrospinning. PVDF is a polymorphic material with distinct chain conformations, with the most common crystalline phases being:  α -,  β -,  ε -,  δ - and the  γ -phase. Because the fluorine atom is more electronegative than the hydrogen and carbon atoms, the PVDF monomer has a strong electrical dipole moment, which results in piezoelectric properties and good conductivity. According to the PVDF chain conformation packing model, there is no net dipole in the  α  and  ε  phases, but there are net dipoles in  β ,  γ , and  δ  phases. Among these three phases, the  β  phase has the highest dipolar moment per unit cell and provides the most piezoelectricity to PVDF. Numerous methods, including electrospinning, can induce the  β  phase [4,5].



Numerous research teams have studied the impact of the DMF/acetone ratio in the binary solvent system on the growth of free-defect fibers, fiber diameter, and porosity. It is demonstrated that the effects of the DMF/acetone ratio on fiber production and pore structure are substantial. The electrospun membranes were also researched for a variety of applications. According to Prasad and his colleagues, 18% PVDF could be developed into porous fibers by using different DMF/acetone ratios electrospun with thermally induced air and water inversion [19]. Zhao and coworkers created homogenous PVDF fibrous membranes from polymer concentration of 15 wt.% in an 80:20 (v/v) DMF/acetone mixture. The produced fiber sizes primarily ranged between 50 and 300 nm [20]. In order to create several PVDF polymer dope solutions to prepare nanofibrous mat, Liao and colleagues dissolved 5–12% PVDF in N,N-dimethyl acetamide (DMAc) and a mixture of 60:40% DMF to acetone; their research created and improved PVDF nanofiber membranes for use in membrane distillation application [21]. Lei and colleagues investigated the impact of utilizing different solvents; N-methyl-2-pyrrolidone, dimethyl sulfoxide, dimethylformamide, or dimethylacetamide and acetone, on the polymorphism and morphology of nanofibers made from electrospun PVDF membranes [22]. They found that polymer solutions with too fast or too slow evaporation rates of the solvents resulted in a large number of beads and/or beaded fibers with a low fraction of β-phase [23].



Based on the aforementioned, the current work aims to fabricate and characterize PVDF fibrous membranes produced by electrospinning. A solvent mixture of DMF/acetone was chosen as a key parameter of electrospinning conditions to achieve fibrous membranes with narrow fiber diameters. The surface morphology, crystallinity, and contact angle of the prepared electrospun membranes were compared to the flat-sheet membranes prepared under the same solution preparation conditions. Membrane permeability, humic acid (HA), and polystyrene micro-particles (PS) rejection were used to evaluate the membrane performance.




2. Materials and Methods


2.1. Materials


Commercial PVDF powder was purchased from Alfa Aesar, LOT: Q23A024 dried at 80 °C for 24 h before use. N,N- Dimethylformamide (DMF) as the main solvent of the dope solution and acetone as co-solvent were obtained from Fisher Scientific laboratory, Humic acid (HA) sodium salt technical grade and Polystyrene (PS) micro-particles 200 μm were purchased from Sigma-Aldrich.




2.2. Methods


2.2.1. Preparation of the Neat PVDF Solution


The PVDF casting solution was prepared by dissolving 16 wt.% PVDF powder in N,N-dimethylformamide (DMF) as a solvent at 70–90 °C under constant magnetic stirring (250 rpm) until obtaining a homogenous solution. After that, the solution was sonicated for 2 h to eliminate the bubbles and avoid membrane defects.




2.2.2. Preparation of the PVDF/Co-Solvent Binary System


DMF/acetone solvent mixtures were prepared with a weight ratio of 80/20, 60/40 and 50/50, respectively. PVDF was dissolved in the solvent mixtures at PVDF concentration, namely polymer/solvent weight ratio, of 16 wt.% PVDF powder. The polymer cast solution was also prepared under the same condition as the neat.




2.2.3. Fabrication of Nano-Fibrous Mats and Flat-sheet PVDF Membranes


PVDF solutions of 16% concentration with different DMF/acetone composition ratios were placed in a 5 mL syringe with a capillary tip having an inner diameter of 0.7 G. A syringe pump was used to feed the polymer solution into the needle tip, and the feed rate of the syringe pump was at 0.3 mL/h. PVDF fibers were electrospun at 30 kV with a high-voltage power supply. The fibers were fabricated using a NANON electrospinning setup that produces voltages ranging from 0–30 kV. A sheet of aluminum foil, connected to the collecting drum with 300 rpm speed, was placed at a fixed distance of 15 cm from the needle tip to collect the fibers. The temperature (T) was fixed at 30 °C, the voltage (V) at 30 kV and the feeding rate (v) at 0.3 mL/h.



Four PVDF membranes were prepared from PVDF solutions in 16% concentration with different DMF/acetone compositions 100/0, 80/20, 60/40, and 50/50, referenced here as PVDF’, PVDF’-1, PVDF’-2 and PVDF’-3, respectively.



For comparison, flat-sheet membranes in each concentration were prepared by phase inversion methods. PVDF solution 16% was poured on a flat horizontal glass plate and cast using a 200  μ m casting knife, and then the solvent was allowed to slowly evaporate in the air for 30 s. The casting and evaporation processes are followed by precipitation in a coagulation bath (distilled water of 4 °C). The casting process is carried out at room temperature. The membranes were removed from the coagulation bath and washed thoroughly with distilled water to remove residual solvents, and kept wet until use. Figure 1 shows a sketch of the preparation and fabrication methods of flat-sheet and fibrous electrospun PVDF membranes.



The prepared flat-sheet membranes were coded as PVDF, PVDF-1, PVDF-2 and PVDF-3 for the membranes prepared from 100/0, 80/20, 60/40 and 50/50 DMF/acetone solvents mixture, respectively.




2.2.4. Membranes Characterization


Scanning Electron Microscopy (SEM)


The morphologies of the neat flat-sheet and electrospun PVDF membranes were conducted using a scanning electron microscope (SEM) FEI, Quanta 250 FEG (Netherlands) type to identify the surface morphology and to assist in analyzing the average fiber diameter and pore size distribution. The average fiber diameter was calculated using appropriate software (ImageJ) and based on SEM images.




Wide Angle X-ray Diffraction (WAXD)


WAXD patterns of the membranes were measured with Philips Model PW 3710 X-ray diffraction instrument at a 2θ scanning rate of 2°/min in the range of 5° to 50° with a scanning rate of 2°/min. Cu Kα radiation was used for the diffraction with a voltage of 40 kV and a current of 100 mA.




FT-IR


FTIR of PVDF membranes was conducted with Shimadzu FTIR Spectrometer (800, Kyoto, Japan) in the wavenumber range 500–4000 cm−1.




Contact Angle


The sessile drop Technique was used to measure the contact angle (CA) using a KYOWA contact angle meter equipped with software for drop shape analysis. A droplet of deionized water was placed on the well-dried membrane samples. The analysis of samples was carried out at room temperature. The angle between the drop baseline and the tangent at the water drop boundary was measured by the mean on direct reading goniometry telescope. The droplet’s magnified image was analyzed and solved numerically the fitted using mathematical functions. Each value is an average of 3 independent measurements. The following equation was applied to evaluate the contact angle:


  θ = 2   tan   − 1    (    2 h  w   )  ,  



(1)




where  θ  is the contact angle, h is the height, and w is the width of the droplet from the photograph and the geometric considerations.




Membranes Performance


An ultrafiltration experiment was performed in a lab-scale apparatus, whose schematic diagram is included in Figure 1, using nitrogen gas to power an ultrafiltration system with a 400 mL cylindrical beaker at a constant pressure of 1 bar on a dead-end stirred membrane evaluation cell with an effective filtration area of 5.0 × 10−4 m2. All the membrane samples were firstly pressurized with distilled water (pH 3.5) for 30 min before measurement. Two liters of deionized water were filtered through the cleaned membrane to achieve a stable initial flux. The ultrafiltration membrane of pure water flux was measured using 100 mL of deionized water. All ultrafiltration experiments were repeated three times to obtain mean values and standard deviations.



The OM rejection efficiency of all membrane samples was determined by using a 200 mL solution of 200 μm polystyrene (PS) micro-particles and 30 mg/L humic acids (HA) solution. The concentration of PS and HA in permeate and feed solutions during the filtration experiment was determined using a UV spectrophotometer. The HA concentration was determined by its UV absorption at the wavelength 254 nm and PS at 546 nm. All samples were 2 mL in volume and were measured in triplicate to meet QC/QA accordance.



The water flux (   J w   ) through a semipermeable membrane expressed in the weight of the product per unit membrane area during operation time in liters (L m−2 h−1) was calculated as:


   J w  =  Q  A × t         ,  



(2)




where  Q  is water permeates in liters,  A  is the membrane area in meter square, and t is the time in an hour.



The Organic Matter rejection percent R(%) was calculated as:


  R  ( % )  =  (     C f  −      C   p     C f     )  × 100 ,  



(3)




where    C f      and    C p    are the concentrations of feed and permeate water, respectively.







3. Results and Discussion


In general, it was more reasonable to generate ultrafine fibers by electrospinning from polymer solutions than from polymer melts. Therefore, the solvent used in polymer solutions for electrospinning was the most important factor determining the morphology of the electrospun fibers. Using polar DMF solvent could facilitate the formation of ultrafine fibers, but the lower volatility could make the ultrafine fiber generation difficult from polymer/DMF solutions alone. Acetone is more volatile and has low polarity than DMF, resulting in lower surface tension of the polymer solution and lowering its viscosity, which aids in the formation of the more uniform free-beads fiber. Furthermore, changes in solution properties caused by the addition of acetone may improve the morphology of electrospun membranes. With increasing acetone concentration, the electrospun fibers become more uniform.



A preliminary study of the effect of PVDF concentration on the fiber diameter showed that the greatest setting of the beads-free homogeneous fiber was achieved at 16 wt.% concentration of PVDF. Therefore, the aim is to provide information on the effect of solvent DMF/acetone compositions on the morphology of the produced fibers.



3.1. SEM Analysis


SEM micrographs of the PVDF fibers prepared by electrospinning from 16 wt.% PVDF solutions in different DMF/acetone composition ratios are shown in Figure 2a–d. It was observed that the average fiber diameter decreased from approximately 6  μ m to 1.6  μ m while the population and size of nodes and beads decreased and almost disappeared with increasing the ratio of acetone, which can be attributed to the low polarity and low boiling point of acetone compared with the electrospun fibers prepared using DMF alone, which has a higher boiling point (Figure 2a). Costa et al. reported similar results explaining that the decrease in fiber diameter has been caused by the low viscosity of the acetone solution since average fiber diameter has a directly proportional relationship with solution viscosity [5,12]. It was also obvious that the electrospun fibers became more and more uniform with the increase of acetone content in the solvent mixture (Figure 2c,d). Thus, the addition of acetone could likely improve the electrospun membrane morphology and decrease the possibility of bead formation, which is consistent with that reported previously [5,23,24,25]. Nuamcharoen et al. reported that increasing The addition of the volatile solvent with a low boiling point accelerated the evaporation of the mixed solvent, as previously reported for acetone. As a result of the volatile solvent being added to the PVDF/DMF solution, dried fibers were deposited on the surface of the collecting drum during the electrospinning process [25]. Zhao et al. also reported that with the addition of a certain amount of acetone to the electrospun PVDF solution, uniform ultrafine fibers could be generated [20].



Images of PVDF on the flat-sheet membranes are shown in Figure 3a–d. As can be seen, the membranes exhibited pores structure which became smaller and well distributed in the case of used mixed solvent compared with the pure DMF; this could be attributed to increasing the ratio of acetone in the solvent mixture, which lowers the precipitation rate of polymer [16].




3.2. FTIR Analysis and WXRD


FTIR and WXRD were used to characterize the crystal structures of the electrospun PVDF membranes. FTIR spectra of electrospun PVDF fibrous membranes and flat-sheet membranes using mixed DMF/acetone solvents (100/0%, 80/20%, 60/40%, 50/50%) were displayed in Figure 4a and Figure 5b, respectively. The FT-IR spectra of PVDF provide valuable information about its structure, allowing different polymorphic states to be distinguished. However, some bands may overlap. The characteristic bands of the  α -phase were observed at 408, 614, 766, and 855 cm−1 and at 510, 840, and 1279 cm−1 for the  β -phase related bands [26], Table 1. The use of pure DMF as the solvent could lead to the coexistence of both  α - and  β -phase of PVDF. Nevertheless, when mixed DMF/acetone was used as the solvent, the intensity of the  α -phase related absorption peaks decreased, and the characteristic peaks of the  β -phase significantly increased. This might be explained by the fact that the addition of a volatile acetone solvent accelerates the evaporation rate of the solvent during the electrospinning process. This higher rate of evaporation may promote the nucleation and thereby the crystallization of the  β -phase of PVDF [5,7,24,27,28,29,30].



Complementary information on the crystalline structure of the prepared membranes is given from XRD measurements in Figure 5a,b. For the sake of comparison, pure PVDF exhibited diffraction peaks of  α -phase are located at 2 θ  = 18.4° (020),  β -phase at 20.6° (110/200) and 36.6° for  α -phase and  γ -phase at 20.3° (101) [27,31,32,33,34,35].



The PVDF electrospun membranes only exhibited two clear diffraction peaks at 20.0° and 22.4°, which decreased with increasing acetone ratio (Figure 5a), while the PVDF flat-sheet membranes showed clear diffraction peaks at 18.3°, 20.0° and 36.4° (Figure 5b), while The weak and diffuse diffraction peaks found in electrospun fibrous membranes compared with the raw powder and flat-sheet membranes suggesting the imperfection of α and β crystalline phases of PVDF. Thus, it could be concluded that the crystalline nature of PVDF was distributed by electrospinning compared with the raw material and the casting PVDF film [7,24,35,36,37,38].




3.3. Contact Angel


In general, the water contact angle is used to assess the hydrophilicity of surfaces. Hydrophobic films have larger contact angles than hydrophilic ones. Table 2 shows the results of static contact angle measurements on PVDF electrospun fibrous membranes compared to the same composition of flat-sheet membranes. Contact angle measurements revealed that increasing the acetone ratio in the co-solvent binary system increased the hydrophilicity of the membrane surface. As it can be observed, the contact angle on both membranes decreased as the acetone ratio in the solvent mixture increased and is less than 90°, indicating the hydrophilic character. Also, the decrease in contact angle value of PVDF electrospun fibrous membrane with increasing acetone in the solvent mixture was more significant than that of flat-sheet membranes, indicating that the fiber membrane has a higher hydrophilic character and thus excepted higher water permeability and consequently (as a result,) low fouling tendency [38].




3.4. Membrane Performance


The water flux and rejection data of the prepared PVDF membranes with different PVDF/DMF/Acetone composition ratios of humic acid (HA) and polystyrene (PS) micro-particles, as models of filtration, are depicted in Figure 6a,b. As for the electrospun membrane prepared from pure DMF (sample PVDF’), the water flux was found to be around 180 ± 05 and 191 ± 05 L/m2/h, and R% 85% and 70% for HA and PS, respectively. For sample PVDF’-1 (prepared with 80/20, DMF/acetone), the water flux was found to be around 201 ± 12 and 261 ± 12, 91 ± 05 L/m2/h, and the R% was 88% and 73% for HA and PS, respectively. For sample PVDF’-1 (prepared with 60/40, DMF/acetone), the water flux was 250 ± 01 and 261 ± 121 and 91 ± 05 L/m2/h, and the R% was 88% and 73% for HA and PS, respectively. For sample PVDF’-2 (prepared with 60/40, DMF/acetone), water reflux up 250 ± 01 and 311 ± 01 L/m2/h and R% 90% and 85.5% were achieved for HA and PS, respectively. With increasing acetone content in the solvent mixture to 50% (sample PVDF’-3), the water flux and R% increased to 373 ± 10 and 400 ± 10 L/m2/h and R% to 93 and 86% for HA and PS. For the flat-sheet membrane prepared from pure DMF solvent (sample PVDF), water reflux of approximately180 ± 05 and 141 ± 04 L/m2/h and rejection efficiency (R%) of approximately 85% and 89% for humic acid (HA) solution and for polystyrene (PS) micro-particles, respectively, have been occurred. For the flat-sheet membrane prepared from DMF/acetone (80/20) solvent mixture (sample PVDF-1), the obtained water flux increased to 171 ± 01 and 181 ± 01 L/m2/h, and the R% increased to 94% and 91% for HA and PS, respectively. With increasing the amount of acetone in the solvent mixture to 40% (sample PVDF-2), the water flux increased to 188 ± 02 and 189 ± 02, while R% increased to 96% and 94% for HA and PS, respectively. Further increase of the water flux L/m2/h to 192 ± 05 and 200 ± 05 and R% to 94.5% was found by increasing acetone for HA and PS [26].



These data indicated that the water flux and rejection were improved by increasing the acetone in the solvent mixture, and the efficiency of electrospun membranes was better than the flat-sheet membranes. Increasing the acetone ratio of the solvent mixtures up to 50% might be increased the number of pores and decrease the pore size in the membrane. The increased porosity reflects the membrane’s increased hydrophilicity, resulting in higher flux. Furthermore, as pore size decreases, rejection efficiency increases. The increase in hydrophilicity of electrospun nanofibrous membranes, on the other hand, may be attributed to an increase in fiber homogeneity and a decrease in diameter with an increasing acetone ratio. Therefore, these results suggest that there is a relationship between the co-solvent ratio (Acetone, which has a lower boiling point and solvent/non-solvent diffusivity rate than the base pure DMF solvent) and the hydrophilicity and pore size of the nanofibrous and flat-sheet materials [27,35,38].



The filtration experiment was performed in a lab-scale apparatus whose schematic diagram is shown in Figure 1.





4. Conclusions


Flat-sheet and electrospun fibrous membranes PVDF from different DMF/acetone solvent mixtures were prepared and characterized. The study of surface morphologies of electrospun fibrous membrane indicated that the increase of acetone ratio promotes the formation of smaller fiber diameter and defect-free microstructure fibrous membrane, while in the case of flat-sheet membranes, it promotes the formation of tighter and more evenly distributed pores. FTIR and XRD showed that the  α - and  β  crystalline phases of the electrospun fibrous were distributed compared with raw powder and flat-sheet membrane. The contact angle measurements decreased in both flat and fibrous membranes with increasing the acetone content in the solvent mixtures, indicating a decrease in hydrophobicity. According to the performance evaluation, the electrospun PVDF membrane outperformed that made from the same polymer at the same concentration and co-solvent binary system due to higher porosity as well as higher hydrophilicity.



Based on our preliminary findings, PVDF electrospun membranes have the potential to be used as microfiltration membranes to effectively remove micro-particles while causing no damage to the membrane. Such membranes have numerous potential applications, including water pretreatment. Water pretreatment currently consists of three sequential steps: coagulation, flocculation, and finally sedimentation. PVDF Electrospun membranes can be used instead of the three-step pretreatment process with proper module design. There is also the possibility of using these membranes as pre-filters prior to ultrafiltration or nanofiltration to reduce fouling and contamination from microorganisms or microparticles, as well as to separate cells. Time of writing, work is being done to modify PVDF in order to generate high-efficiency PVDF nanocomposite nanofibrous membranes for lab-scale separation in each of the potential applications listed above. This work opens the door to investigating the use of nanofibers in more mainstream separation technology applications.
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Figure 1. Schematic setup of electrospinning and phase inversion fabrication methods of PVDF Electrospun nanofibrous and flat-sheet membranes. 
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Figure 2. SEM micrographs of PVDF electrospun fiber membranes prepared at 30 kV from DMF/acetone solutions with different compositions of solvent mixtures: (a) control membrane DMF/acetone: 100/0, (b) DMF/acetone: 80/20, (c). DMF/acetone: 60/40 and (d) DMF/acetone: 50/50. 
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Figure 3. SEM micrographs of PVDF flat-sheet membranes fabricated by the phase inversion method from the DMF/acetone solutions with different compositions of solvent mixtures: (a) Control membrane DMF/acetone: 100/0, (b) DMF/acetone: 80/20, (c). DMF/acetone: 60/40 and (d) DMF/acetone: 50/50. 
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Figure 4. FTIR spectra of (a) electrospun PVDF fibrous membrane prepared in 100/0, 80/20, 60/40, and a 50/50 DMF/acetone solvent mixture. (b) FTIR spectra of PVDF flat-sheet membranes were prepared in 100/0, 80/20, 60/40, and 50/50 DMF/Acetone solvent mixture. 
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Figure 5. (a) The XRD diffraction patterns of electrospun PVDF fibrous membranes were prepared in 100/0, 80/20, 60/40, and 50/50 DMF/acetone solvent mixture. (b) The XRD patterns of PVDF flat-sheet membranes were prepared in 100/0, 80/20, 60/40, and 50/50 DMF/acetone solvent mixtures. 
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Figure 6. (a) The HA and PS Flux of electrospun fibrous and flat-sheet PVDF membranes corresponding to each membrane sample. (b) The HA and PS rejection efficiency of the electrospun fibrous and flat-sheet PVDF membranes corresponding to each membrane sample. 
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Table 1. Summary table of the reported wavenumber values of alpha beta and gamma phases in literature.
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  α  -Phase

	
  β  -Phase

	
  γ  -Phase

	
Literature






	
Wavenumber cm−1

	
408

	
510

	
431

	
[16,35,36]




	
532

	
840

	
512

	
[16,33,36]




	
614

	
1279

	
776

	
[16,36,37]




	
766

	

	
812

	
[33,36]




	
795

	

	
833

	
[36]




	
855

	

	
840

	
[36,37]




	
976

	

	
1234

	
[16,36,37]
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Table 2. Results of static contact angle measurements on PVDF electrospun fibrous membranes compared to the same composition of flat-sheet membranes.
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Membrane Type

	
Membrane Code

	
Contact Angle






	
Fibrous membrane

	
PVDF'

	
60°




	
PVDF'-1

	
55°




	
PVDF'-2

	
43°




	
PVDF'-3

	
40°




	
Flat-sheet membrane

	
PVDF

	
90°




	
PVDF-1

	
75°




	
PVDF-2

	
70°




	
PVDF-3

	
57°
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